Purpose: The family of cathepsin proteases plays an important physiological role in both normal physiology and in the physiology of many human diseases. This activity, which is upregulated in many cancers, can be exploited for tumor imaging both in vivo and ex vivo. To characterize the behavior of a topically applied quenched fluorescent activity-based probe, GB119, ex vivo, we developed a basic immunohistochemistry technique to identify unquenched GB119 within tissue. Procedures: Immunoblot assays were used to validate the utility of an anit-Cy5 antibody for the detection of unquenched GB119 generated by cathepsin-L. Following validation of the anti-Cy5 antibody, an immunohistochemical procedure was developed to detect the presence of unquenched GB119 in frozen sections of brain tumors derived from an orthotopic mouse model.
Introduction
T he family of proteases known as cysteine cathepsins plays an important role in both normal and diseased tissue physiology [1] . Their physiological function has been implicated in the endosomal pathway; however, evidence is accumulating that they may play a role in matrix degradation and cell motility, suggesting an extracellular context for disease progression [2] . Members of the cysteine cathepsin family have also been elucidated to be major players in the development and progression of several types of cancer [3, 4] . Recently, activity-based probes (ABPs) have been used as a tool for the direct assessment of the activity of these proteases in the context of a native tumor microenvironment [5] [6] [7] . These reagents form enzyme-dependent covalent bonds with active site nucleophiles, providing a mechanism to measure protease activity in a cell, tissue, or even whole organisms [8] . The fluorescently quenched ABPs (qABPs) have been a useful reagent for noninvasive optical imaging of cancer and can be used to also analyze cathepsin activity at the histological, cellular, and protein levels [9, 10] . Previously, we have presented an attractive and unique approach to utilize the ability of qABP to elucidate overexpression of tumor-associated cathepsin-L (CTS-L) ex vivo [11] . Utilizing one member of the qABP class of probes, GB119 [9, 11] , we have shown that GB119 can be topically applied to tissues to rapidly identify active proteases present in the peri-tumor spaces and margins when it was used in an animal model of brain cancer [11] . More specifically, such topical administration may be more efficacious than IV administration of GB119 for identification of clusters of tumor cells that may have not yet developed a vasculature [11] . Another advantage of this probe is that it is labeled with Cy5, which is likely to reduce background levels of autofluorescence that are less apparent at the excitation wavelength of Cy5 than with fluorophores in the visible wavelength such as FITC.
However, in spite of the attractiveness and potential efficacy of this approach for rapid detection of cancerous tissue in surgical samples ex vivo, our understanding of probe's behavior inside of the tumor and benign tissues is still illusive. Unfortunately, high-resolution microscopic analysis of treated brain tumor tissues is at best difficult because fixation and staining of tissues eliminates most of the fluorescence from unquenched probe. To further understand the unquenching of the probe and associate the activity with particular cell types within the specimen, we have developed an immune-staining technology to visualize the probe. This approach has allowed us to selectively identify unquenched GB119 using an anti-Cy5 antibody ( Fig. 1 ) and has demonstrated that the major sites of unquenching of the probe reside in the peri-tumor spaces and are not isolated to only tumor cells.
Materials and Methods

Ethics Statement
All procedures were performed in accordance with the Institutional Animal Care and Use Committee of Case Western Reserve University (Case IACUC: Animal Experimental Protocol: 2012-0024).
Cell Culture Preparation for Orthotopic Implants and Animal Surgery
Human Gli36Δ5EGRF glioblastoma cell lines were a gift from Dr. EA Chiocca and were grown as described [11, 12] . Athymic nude female mice (nu/nu, 6-8 weeks at time of surgery) were implanted with tumors as described previously [11] .
Immunostaining, Imaging, and Histology Staining of Nitrocellulose Membranes for Cy5
For immunodetection of unquenched GB119 applied to nitrocellulose membranes (NCMs), a mouse anti-Cy5 antibody (clone CY5-15, Sigma) conjugated with fluorescein (AbD Serotec, LNK061F kit) was used. A 1:250 dilution of anti-Cy5 antibody in ProteinFree Blocking Buffer (Thermo Sci, Hanover Park, IL, USA) was added to the wells in 12-well plates and incubated with agitation for 1 h at room temperature (RT) in the dark with agitation.
Imaging of Nitrocellulose Membranes
After washing twice in Tris-buffered saline and Tween 20 (TBST) for 5 min with agitation in the dark, the NCMs were imaged. Cy5 fluorescence from GB119 activation and anti-Cy5 fluorescein activity from the same spot on the surface of NCM was measured in parallel and was separated in time only by changing of filter sets to separate Cy5 GB119 (yellow filter set, Ex 595 nm, Em 635 nm) and fluorescein signals (blue filter set, Ex 455 nm, Em 490 nm) using a Maestro Imaging device (Maestro™ Multispectral In-Vivo Imaging System (CRi, Inc., Woburn, MA, USA). Maestro stage positions were set to either position 1 or 3 depending on the intensity of the fluorescence signal.
Imaging of Tissue Sections
The brain was sectioned in 2 mm slices through the Gli36Δ5 tumor xenograft using an acrylic 1 mm frontal brain matrix (Kent Scientific). Baseline imaging of the tissue was acquired prior to probe application. Following initial imaging, brain specimens were washed with saline, dried with KimWipes followed by topical application of 5 μl of GB119 (10 μM) in 100 % dimethyl sulfoxide (DMSO) [11] . At the indicated times, the sections were imaged in the Maestro Imaging device with a filter set appropriate for Cy5. Prior to the final image at 30 min, the treated areas were washed with 100 μl of saline twice to remove any unbound probe.
Probe Application
Freshly resected tissue was washed with phosphate-buffered saline (PBS) and blotted dry with gauze. Probe application to tissue was performed after drying by placing a paper applicator on top of blotted dry tissue and immediately wetting it with GB119 in 100 % DMSO. Complete contact of the paper applicator to the tissue was ensured by gentle patting of the applicator with a pipet tip. This ensured complete, even, and rapid probe distribution and application to the tissue.
Staining of Tissue Sections for Cy5, CTS-L, Vimentin, and CD11b Macrophages
Following imaging sections were snap-frozen in optimum cutting temperature compound (OCT) for cryosectioning (Leica CM3050S). Sections, 10 μm thick, were serially collected directly onto slides and stored at −80°C for processing. For immunohistochemical analysis, the slides were warmed to RT for 10 min, fixed with 2 % buffered formalin, and blocked in Background Sniper (Biocare Medical) for 10 min and incubated in primary antibody for 1-2 h at RT followed by three 5-min washes in TBST. For visualization of human tumor tissue, a rabbit anti-vimentin antibody (clone SP20, Spring Bioscience) was used at a 1:10 dilution. The tumor and brain expression of human CTS-L was evaluated by goat anti-human CTS-L antibody (RD Systems Cat#: AF952) at a 1:10 dilution. Presence of brain tumor-associated macrophages and/or macroglia was evaluated by rat anti-CD11b antibody (Abcam, clone M1/70) using a 1:10 dilution. For detection and visualization of unquenched GB119, a mouse anti-Cy5 antibody conjugated with fluorescein was used at a 1:20 dilution. Manufacturer suggests standard labeling typically results in three to six fluorescein molecules attached per antibody, providing target amplification. Immunohistochemistry (IHC) was performed by incubating with the indicated primary antibodies simultaneously. After washing, the slides were treated with the appropriate combination of secondary antibody (donkey anti-rabbit, donkey anti-goat, and donkey anti-rat antibodies labeled with Alexa350, Alexa594, and Alexa594, respectively; Invitrogen Inc.) for 20 min at RT followed by triple washing with TBST for 5 min. Then slides were coverslipped with Crystal-Mount media (Electron Microscopy Sciences). Adjacent slides we stained with hematoxylin and eosin by standard procedures.
In Vitro Detection of Unquenched/Activated Form of GB119 In Vitro Detection of Cathepsin-L-Induced Unquenching of GB119 Is Detectable Using Anti-Cy5 Antibodies
For detection of unquenched GB119, 2.5 μl of the probe (10 μM, 1 % DMSO in sterile PBS) was spotted onto circles of NCM and placed on the bottom of the wells in a 12-well plate. After drying in the dark for 30 min, the NCMs were pre-washed in the dark for 2× 5 min in sterile PBS. For detection of unquenched GB119, human liver CTS-L (Athens Res Tech Inc., Athens, GA, USA) at a final concentration 1.35 μg/ml in sterile PBS was incubated with spots of GB119 on NCMs at RT for 20 min in the dark. As a control for specificity of unquenching of GB119, CTS-L was pre-incubated with 200 μM JPM-OEt, a protease inhibitor (PI) for 1 h, and then applied onto pre-washed NCM with GB119. Negative controls included incubation in solvent alone (1 % DMSO) in sterile PBS or solvent in combination with PI. Next, NCMs were blocked with protein-free blocking buffer for 30 min with constant agitation in the dark, followed by immunostaining with fluorescein-labeled anti-Cy5 antibodies and fluorescent imaging for either Cy5 or fluorescein. To study anti-Cy5 antibody recognition of the probe in a complex biological milieu, similar experiments were conducted using cellular lysates derived from Gli36Δ5 in place of pure human CTS-L.
Competitive Assay of Availability of Cy5 in GB119 for Anti-Cy5 Antibody In Vitro
To generate a source of nitrocellulose bound Cy5, 2.5 μl of Cy-5-labeled donkey anti-chicken IgG polyclonal antibody (250 μg/ml, Chemicon, Temecula, CA, USA) was applied to NCM, dried for 30 min in the dark, blocked with protein-free blocking buffer for 2 h with constant agitation in the dark, and then immunostained for 1 h with anti-Cy5 antibody conjugated with fluorescein as described in above. Prior to staining, anti-Cy5 antibodies (6 ng) were pre-adsorbed in the dark for 1 h with either Cy5-labeled donkey IgG (25 μg) in a final volume of 250 μl, quenched GB119 (2.5 nmol in PBS), CTS-L unquenched GB119 (2.5 nmol of GB119 was incubated with 0.337 μg CTS-L in a volume of 250 μl for 30 min at RT), or GB119 unquenched in the presence of CTS-L and an excess of a cathepsin PI, JMP-OEt. Protease inhibition was performed for 1 h at RT by combing an excess of JMP-OEt (50 nmol) with CTS-L (0.337 μg) in a total volume of 250 μl. Levels of auto-fluorescence for fluorescein from NCM blots of donkey antibody labeled with Cy5 were determined by not including anti-Cy5 antibodies in a set of samples (negative control), and this value subtracted from the levels of fluorescence in all experiments. Data are presented as a percentage of fluorescein fluorescence intensity remaining after blotting. To control for the amount of Cy-5 labeled donkey IgG adherent to Fig. 1 Mechanism for immunorecognition of unquenched GB119. GB119 consists of four parts: (i) a reactive element (warhead) that confers specificity toward cysteine proteases, (ii) a linker that often contains recognition elements, (iii) a fluorescent molecule (Cy5) for detection, and (iv) a quencher moiety (QSY 21) that keeps Cy5 optically silent. When qABP is in its quenched form, it is envisioned that QSY 21 may restrict the availability of Cy5 for anti-Cy5 antibody. Activation and unquenching of GB119 releases the QSY 21 and allows access of the anti-Cy5 antibody to bind Cy5. Each anti-Cy5 antibody carries from three to six molecules of fluorescein after conjugation serving to amplify the presence of Cy5-labeled probe, which only has one Cy5 per unquenched GB119 molecule.
the NCM, measurements of Cy5 fluorescence were also made with no difference in Cy5 fluorescence among all NCM blots (data not shown).
Microscopy
Fluorescent images were viewed with a Leica DM4000B upright microscope (for Alexa350 bandpass (BP) 360/470 (vimentin), fluorescein BP 480/527 (anti-Cy5 antibody conjugated with fluorescein), and Alexa594 BP 560/645 (CTS-L or CD11b). An Olympus VS120-S5 versatile microscope-based fluorescent scanner system was used to generate images larger than a single field of view. Commercially available software (QCapturePro, Version 5.1) was used to analyze and present the fluorescent images. Overlays between H&E and IHC images were done manually.
Imaging and Analysis
Regions of interest (ROI) were selected over the entire treated area and control regions to compare signal intensities (for in vitro assays regions of nitrocellulose that did not contain human CTS-L or lysate; for tissue sections images derived prior to probe application to the tissue). Commercially available software (Maestro™ software 3.0.1.2, Cri, Woburn, MA, USA) was used for analysis of total signal in the ROI.
Statistics
The values are expressed as mean+SD. The significance of measured values between the groups was performed by one-way analysis of variance (ANOVA) with 95 % confidence limits for multiplex analysis. Spearman rank test was used for correlation analysis. The p values less than 0.05 was considered as significant for these studies.
Results
Identification of GB119 Unquenching Using an Anti-Cy5 Antibody
GB119 is a compound that has been chemically designed to covalently alter its target enzyme when it is active. As such, its acts as a suicide inhibitor rather than acting as a substrate for the protease targets. GB119, as a typical quenched ABP, contains a reactive functional group (warhead) linked to fluorophore tag (Cy5) and a quencher QSY 21 (Fig. 1) [5, 9] . This "smart probe" only produces a fluorescent signal when catabolized by a particular protease. For GB119, the protease interacts most robustly with CTS-L.
Previous studies have demonstrated that fixation, sectioning, and staining of fluorescent tissue containing unquenched GB119 reduce its fluorescent signal so that it is not detectable using fluorescence microscopy, except in very thick sections where it is difficult to clearly elucidate the location of fluorescent signal [11] . Therefore, in order to identify the location of unquenched GB119 within tissues, we developed an immunohistochemistry assay to detect unquenched probe. We noticed that anti-Cy5 antibody did not recognize intact GB119 very well, but that after activation by proteases the reaction with antibody was much stronger. We speculated that removal of the quencher made Cy5 more bioavailable and able to be recognized by an anti-Cy5 antibody (Fig. 1) . We tested this idea by utilizing a blot assay to capture unquenched GB119 on nitrocellulose and then probe it with antiCy5 antibody.
First, we confirmed that unquenching of the probe results in bioavailable Cy5 for antibody recognition using a competitive binding assay (Fig. 2a-c) . Donkey IgG labeled with Cy5 was adsorbed to nitrocellulose membranes to serve as a target for the anti-Cy5 antibodies. As Fig. 2a shows, anti-Cy5 antibodies recognized the substrate bound to the nitrocellulose and that binding was blocked by pre-adsorption of the antibodies with substrate. Next, either GB119 or GB119 that had been first unquenched with CTS-L was used to pre-absorb anti-Cy5 antibodies, which were then used to probe Cy5-IgG on a nitrocellulose filter. Unquenching of GB119 dramatically increased the ability of the probe to block antibody binding to the nitrocellulose fixed Cy5 (Fig. 2b) . Inclusion of a cathepsin inhibitor during the unquenching step prevented any blocking of antibody binding to Cy5 (Fig. 2b) . Fluorescent microscopy of anti-Cy5 antibody fluorescence from nitrocellulose blots in Fig. 2b showed a strong differential suggesting that this approach might be suitable for visualization of unquenched GB119 in tissue (Fig. 2c) . Altogether these data suggest that both levels of unquenching of GB119 and availability of Cy5 to anti-Cy5Ab are consequences of the same event.
Next, we analyzed whether fluorescence generated from unquenched GB119 correlated with presence of CTS-L. To assess this, quenched GB119 was blotted onto nitrocellulose filters, washed, and then treated with active human CTS-L or saline and imaged for Cy5 fluorescence resulting from probe unquenching (Fig. 2d, e) (washing was performed as a first step to ensure that only tightly bound GB119 was assessed for these studies). To control for specificity, JPM-OEt, a broad-spectrum cathepsin inhibitor, was incubated with the CTS-L and then used to activate another set of samples. Cy5-fluorescence directly from unquenched GB119 was readily visible from samples treated with CTS-L but not those treated with saline alone or CTS-L plus JPM-OEt. Further, we analyzed whether fluorescence generated from unquenched GB119 correlated with anti-Cy5 antibody detection of activation-exposed Cy5 (Fig. 2f, g ). To assess this, the blots from Fig. 2d were probed with commercially available anti-Cy5 antibody labeled with fluorescein and reimaged. Since the wavelength spectra of excitation and emission of these two fluorochromes minimally overlap, we can compare the signal from each assay. Figure 2f indicates that unquenched GB119 is preferentially recognized by the anti-Cy5 antibody in samples that were incubated with CTS-L alone. Inclusion of the inhibitor also reduced the signal resulting from antibody probing. It is worth noting that both washed and un-washed blots of GB119 show the same patterns of Cy5 and anti-Cy5Ab-dependent fluorescein fluorescence (data not shown), indicating stable binding of GB119 to the NCMs in these experiments.
All together, these data indicate that binding and unquenching of GB119 by human CTS-L is specific and can be detected using an immunochemical assay. Further, these data suggest that anti-Cy5 immunodetection of unquenched GB119 may be a tool to detect the unquenched form of GB119 and to potentially analyze its behavior in pathological sections of solid tissue.
Unquenching of GB119 as a Function of Tumor Cell Lysate
The next step in validation of this assay was to demonstrate that probe unquenching could be achieved by increasing Fig. 2 Cathepsin-L-induced unquenching of GB119 increases availability of Cy5 in GB119 for anti-Cy5 antibody in vitro. a Assay validation. Donkey IgG labeled with Cy5 (Dky IgG/Cy5) was adhered to nitrocellulose membrane (NCM) and then probed with Anti-Cy5 antibodies that were untreated (Anti-Cy5Ab) or pre-adsorbed with donkey Dky IgG/Cy5 (Anti-Cy5Ab, Dky IgG/ Cy5). Data was normalized to average signal measured when the anti-Cy5 was not pre-adsorbed. Color inset represents typical signal measured from the nitrocellulose using the Maestro imaging device. b Pre-adsorption of anti-Cy5Ab with GB119. Dky IgG/Cy5 was adhered to NCM and then probed with (i) anti-Cy5 antibody pre-incubated with quenched GB119 (Anti-Cy5, GB119); (ii) anti-Cy5 antibody pre-incubated with GB119 that had first been unquenched with human cathepsin-L (CTS-L) (antiCy5Ab, GB119, CTS-L); and (iii) anti-Cy5 antibody pre-incubated with GB119 that had been unquenched with human CTS-L in the presence of a general papain family protein inhibitor, JMP-OEt (PI), i.e., negative control (anti-Cy5Ab, GB119, CTS-L, PI). Color inset represents typical signal measured from the nitrocellulose using the Maestro imaging device. c Pseudo-green color images of anti-Cy5 antibody fluorescence from NCM blots of donkey antibody labeled with Cy5 as in b that were taken by Leica microscope (×1.25) indicating differential is suitable for visualization of unquenched GB119 in tissue. d Pre-washed blots of GB119 on NCM were incubated with (i) CTS-L alone, (ii) PBS alone, or as controls a mixture of (iii) CTS-L and an excess of a PI, or (iv) a mixture of PBS and the PI. Fluorescent images indicate strong unquenching of GB119 by CTS-L only in the absence of inhibitor. PBS alone did not unquench GB119. e Quantitative analysis of levels of Cy5 fluorescence. f Nitrocellulose membranes from (d) were probed with fluorescein-labeled anti-Cy5 antibodies and imaged for fluorescence. Results were similar to those determine in (d). g Quantitative analysis of levels of anti-Cy5Ab fluorescence. For a, the difference in signal was significant, pG 0.001; for b, the difference in signal was compared to anti-Cy5Ab, GB119 and was significant for both cases, pG0.001 and pG 0.05, respectively. Statistical data (e) and (g) are presented as mean levels of fluorescence from which matched PBS-only controls were subtracted. For e, pG0.001; for g, pG0.05. Cy5 fluorescence (emission filter=645 nm); fluorescence of antiCy5Ab (emission filter=515 nm). Error bars represent+SD.
amounts of human tumor cell extracts. GB119 (10 μM) was spotted onto filters and then treated (without washing) with different concentrations of cell lysates generated from Gli36Δ5, a human tumor cell line that expresses CTS-L. As a negative control, GB119 was treated with similar concentrations of pre-immune rabbit IgG. After incubation, the mixture was washed blocked and immunoblotted with fluorescein-labeled anti-Cy5 antibodies. The blots were then assayed for fluorescence both of Cy5 (Fig. 3a) and fluorescein (Fig. 3b) . Both protease-dependent GB119 fluorescence (Fig. 3a) and detection of GB119-associated Cy5 by anti-Cy5 antibody (Fig. 3b) correlated with increased concentration of tumor lysate and were highly correlated to each other, r=0.9 (Fig. 3c) .
Identification of Unquenched GB119 in Brain Tumor Sections, Ex Vivo
We next assessed the ability of fluorescein-labeled anti-Cy5 antibody to detect unquenched probe in pathological sections derived from a mouse brain tumor model. For these studies, an orthotopic brain tumor model was used [11] . Mice were unilaterally stereotactically implanted with Gli36Δ5 cells and sacrificed 9-10 days after implantation to harvest tumor-bearing brains. The brains were then sectioned into 2-mm-thick sections, and only the brain sections containing visible tumor (black asterisk, Fig. 4a , b) were used for further analysis. Sham-implanted brains or age-matched normal mouse brains were used as controls for background unquenching of the probe (not shown). After obtaining baseline fluorescent measurements, GB119 was topically applied to both hemispheres of the brain slice and probe activation measured, i.e., fluorescence, using a Maestro imaging device. The tumor-containing area of brain rapidly unquenched the probe at the tumor-brain interface with no probe unquenching visible on normal brain tissues (Fig. 4c) , as previously described [11] . The stability of the signal from the slices was determined by washing after 25 min of incubation with the probe followed by re-imaging at 30 min. These manipulations demonstrated that the signal intensity was stable but that background could be further reduced by washing [11] .
In order to determine the location of unquenched GB119, we cut the 2-mm brain section perpendicular to its axis and created sections to reveal the tumor and surrounding normal brain (Fig. 5) . Immunohistochemical staining of the microscopic sections with the anti-Cy5 antibody revealed unquenched probe most prevalently at the tumor-brain interface (green staining), with some lesser amounts present within the tumor mass itself. This is in agreement with our previous results [11] and those of others describing overexpression of cathepsins at the borders of human brain tumors [13] . Figure 5d is an overlay of the H&E and IHC stained sections revealing localization of the Cy5 to the tumor and peri-tumor spaces (white arrows).
Staining with Anti-Cy5 for Unquenched GB119 Is Associated with the Presence of CTS-L at the Tumor-Brain Interface
Using our immunohistochemical assay for unquenched GB119, we next sought to determine the reason for the increased probe unquenching detected by Maestro imaging distal to the visible tumor in the brain section (black star in Fig. 6a ). As indicated in Fig. 6a , we cut perpendicular to the 2-mm brain section revealing the z-axis of the tumor and brain tissues (Fig. 6b) . This revealed tumor growth invisible from the surface of the brain slice that was repleted with unquenched probe (black star in Fig. 6b ), corresponding to the fluorescent signals measured with the Maestro imaging device. Sections from this cut were then stained for tumor tissue (vimentin staining-blue), probe unquenching (anti-Cy5 staining-red), and CTS-L (anti-CTS-L-green) and are displayed in Fig. 6 . The boxes in Fig. 6b correspond to the enlargements 1-8 in Fig. 6c .
To confirm the specificity of IHC staining for Cy5 as part of an unquenched GB119 molecule, we assessed co-localization of CTS-L and unquenched GB119 in our brain samples. As internal controls, tumor-free areas of mouse brain were assessed in comparison (Fig. 6c, frames 6 and 7) . This staining revealed a significant reason both for lack of Cy5 fluorescence at a core of the tumor xenograft (Fig. 6a, white asterisk) and the intensive Cy5 fluorescence at tumor-brain interface (Fig. 6a,  black star) . Indeed, there was a lack of expression of CTS-L in the core of the tumor xenograft (Fig. 6c, frames 1-5 , lack of green color). In contrast, at the tumor-brain interface, expression of CTS-L was the highest and co-localized with unquenching of the probe (Fig. 6c, frames 2-5) . No expression of CTS-L was detected in normal brain tissue, and no unquenching of GB119 was detected by the immunostain against Cy5 (Fig. 6c, frames 6 and 7) . Strong co-registration of Cy5 and CTS-L expression was also detected deep inside of brain tissue along of tumor edge (Fig. 6c, frame 8) . The regions of brain represented by frames 7 and 8 represent brain tissue that is at the same distance from the surface of the sample where probe was applied (Fig. 6c, red arrowheads) suggesting that lack of GB119 unquenching is not due to penetration issues with the topically applied probe.
Previously, we have shown for this animal model that a portion of tumor-associated fluorescent signals from unquenched GB119 might be related to presence of macrophages along the tumor edge [11] . In the current study, we stained for macrophages using anti-CD11b antibodies and demonstrate a strong co-registration of CD11b marker and Cy5 (unquenched form of GB119) at peri-tumor space (Fig. 6c, green colored frame 9) . For all IHC, staining in the absence of primary antibodies revealed no background or auto-fluorescence, data not shown.
Discussion
The use of activity-based probes for imaging has the advantage of forming a covalent bond with the enzyme, thereby allowing secondary analysis of targets. However, the utility of these probes is limited as they fluoresce both when bound to an enzyme target and when free in solution. This limitation has been overcome when quenched probes Fig. 4 Topical application of GB119 to brain sections containing a tumor unquenches GB119. Mice were stereotactically injected unilaterally with Gli36Δ5 tumor cells. After 9-10 days, the animal was sacrificed and the brain sectioned as indicated in a and b. Prior to GB119 application, there was no auto-fluorescence (c, left). Thirty minutes following application of GB119, significant unquenching of GB119 as demarked by fluorescence visible in the peri-tumor spaces (c, right). Representative images from a single mouse are displayed (n=3). a, b Black asterisk-visible Gli356Δ5 tumor xenograft; c white contour-perimeter of the brain tissue surface used for probe application. White asterisk and pink dotted contour-location and approximate visible perimeter of the tumor xenograft, respectively.
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E. Walker et al.: IHC Detection of Activity-Based Probes (qABPs) became available [14] . The qABPs become fluorescent only after covalent modification by a protease target [14] . Because of their covalent modification of target proteases, these probes allow an excellent opportunity to visualize the cell types that overexpress activated proteases. Unfortunately, the robust signal from unquenching of these probes after application to brain tissue is reduced substantially by preparing tissues for histopathological analysis, impacting the ability to co-localize probe unquenching with cell type. This is likely due in part to secreted cathepsin-L that has unquenched GB119 but has been secreted from cells and is removed during the preparation of the sections. Here we have developed an alternative method to develop a tool to allow visualization of the probe in immunohistologically studied tissues. We hypothesized that the change in conformation that occurs upon unquenching of qABPs might enable immunological detection of remaining activated probes, via their exposed Cy5 chromophore. We further reasoned that the three to six fluorescein molecules per antiCy5 antibody would serve to amplify unquenched GB119 that was not removed during the staining process. To test this hypothesis, we studied levels of binding of anti-Cy5Ab conjugated with fluorescein to Cy5 both in activated/ unquenched and non-activated/quenched forms of GB119. Using either purified human CTS-L or extracts from tumor cells expressing active CTS-L, we were able to generate unquenched GB119 and demonstrate a tight correlation between immunological detection of unquenched GB119 and optical imaging of unquenched GB119. Studies with sections derived from mouse brain xenografts demonstrated that the immunological detection performed in vitro with enzymes or cellular extracts was also possible using immunohistological probing of tissue sections generated from tissue treated ex vivo with GB119. Therefore, IHC detection of Cy5 may be useful to identify GB119 localization to specific regions within resected tissues. In our study, we used the validated immunodetection of unquenched GB119 to demonstrate the localization of unquenched GB119 within tissues. In every case, the localization of the signal generated from imaging the tissue prior to processing for histology was highly correlated with the location of immunohistochemical detection of unquenched GB119. Remarkably these data demonstrate that most of the probe unquenching occurs at the tumorbrain interface. We further investigated the location of brain tumor unquenching of the GB119 and demonstrated that the heterogeneity of the signal is replicated using the immunolocalization of the unquenched GB119 and colocalized with higher expression of CTS-L, the protease that is the most robust target for GB119. Interestingly there was much lower fluorescence from the interior of the tumor for both the fresh tissue imaging and immunological detection Overlay of staining demonstrate that macrophages and unquenched GB119 co-localize, but that some macrophages are not localized with unquenched GB119. In non-tumor areas, no macrophages were found (data not shown). Unquenched GB119 (false red), tumor tissue (vimentin staining-false blue), and macrophages (CD11b staining-false green). The yellow-orange color represents areas of Cy5/CD11b (macrophages) co-registration. Black dotted lines-approximate the edge of the tumor xenograft. Red arrowheads indicate surface where the probe was topically applied and direction of the probe penetration; scale bars=100 μm.
of GB119, and again this was associated with little to no expression of CTS-L at these locations.
Topical application of imaging probes for detection of cancer in near real time is a fairly new technology [11, 15] . Urano and co-workers have developed a promising approach for rapid detection of ovarian cancer with a γ-glutamyl hydroxymethyl rhodamine green quenched probe, which is activated and internalized after interaction with γ-glutamyltranspeptidase [15] . Simply spraying this probe onto the surface of internal organs of the mouse abdominal cavity was enough to visualize the presence of ovarian cancer tissue among loops of the intestine. However, it is not clear from these studies how deep the probe penetrated into target tissues.
In contrast to water-based solvents, DMSO (100 %) was used to dissolve the probe in this study. DMSO has some advantages both in preservation and storage of chemical compounds. It is also well-known as a universal carrier of chemicals through the tissue [16] . We have used 100 % DMSO to apply our probes exploiting these characteristics of DMSO and have detected probe unquenching to approximately 1.7 mm from the site of topical application (Fig. 5c ). The penetration of the probe is relatively rapid; there was no significant difference between fluorescent images of tumor xenografts that were incubated with the probe for 5 or 25 min (data not shown).
In the current study, we found that the core of tumor xenograft lacked significant GB119-cathepsin-dependent fluorescence. There are at least two possible explanations for such fluorescent pattern in our animal tumor model: (1) The probe is unable to reach active CTS-L in the tumor tissue or (2) that there are little to no active CTS-L proteases expressed within the core of the tumor. The first case is unlikely, as we have clearly shown that probe can penetrate deeply into the brain tissue and become unquenched in peritumor regions deep within the brain. While it is possible that GB119 penetrates brain tissue differently than through tumor tissue, we have performed experiments that indicate good penetration of GB119 through tumor tissues (data not shown) making this an unlikely possibility. The second scenario likely prevails here and is related to the absence of CTS-L expression within the core of the tumor. Our immunohistological studies suggest that this is the case, as no staining for CTS-L is visible in the core of the tumor tissue. Since this antibody recognizes both inactive (30 kDa) single chain of CTS-L and heavy chains (25 kDa) of the active mature enzyme in different cancer cell line lysates [17] as well as in Gli36Δ5 cell lysate (our unpublished data), this suggests that the tumor core does not express the active form of CTS-L, although precursor CTS-L may be present. In all examples examined, it appears that the expression of CTS-L and unquenching of GB119 occurs at the tumor margins where tissue remodeling is abundant. Thus, it seems likely that existence of this remodeled tissue is both crucial and compulsory to "ignite" GB119 and convert the probe from inactive/quenched to active/unquenched form.
Our previous studies have shown that some but not all of the tumor-associated signals result from microglial unquenching of the probe [11] . More recently, another qABP, BMV109, demonstrated that the margins of syngenic orthotopic mouse breast 4 T1 tumor xenograft in BALB/c mice were repleted with macrophages in the invasive edge of the tumor that had activated the probe [18] . It is difficult to extrapolate these data to our immune compromised animal model; however, some level of co-registration of CD11b + macrophages and Cy5 at cancer-brain interface rather than inside of the tumor tissue may suggest that the macrophages are partially responsible for Cy5 fluorescent tumor-associated signals in our system.
Conclusion
We have developed, validated, and utilized an immunological assay to microscopically assess unquenching of topically applied qABPs in brain tissues, which loose unquenched probe upon fixation. This new approach may bring some advantages for further characterization of the qABPs labeled with Cy5 such as: (i) Tissue may be snap-frozen, collected, stored, and analyzed later at any time; (ii) combination of routine histology and IHC analysis may be useful to analyze the behavior of qABPs at the site of unquenching of the probe; and (iii) our data may suggest that IHC staining for Cy5 is an attractive, promising, and useful tool to assess the distribution of active GB119 inside a tissue of interest.
